Titanium dioxide Nanotubes (TNTs) prepared by electroless deposition have been annealed at air ambient and low temperature. As a result, the anatase/rutile phase composition of the TNTs can be tailored to the needs of later applications. Nanotubes with anatase/rutile mixed phase ratio of 4:1 have been produced in this report and further examined for their photocatalytical behavior. The photocatalytical properties of the TNTs have been observed by degradation of methylene-blue in aqueous solution under low power UV-light irradiation. The results shown in this report are based on the synergetic effect between rutile and anatase, which results in the mixed phase TiO2 nanotubes having enhanced photocatalytical properties.
Introduction
Titanium dioxide nanostructures are currently showing strong significance in science and engineering. Semiconductive materials with suitable band gap and flat band potentials are used as photocatalysts. Several semiconductors such as TiO 2 , ZnO or Fe 2 O 3 are employed in industrial applications [1] . In case of photocatalytic nanomaterials, anatase titanium dioxide is the most widely used photocatalyst, pursuant to its pivotal role in photochemical solar cells with high conversion efficiency, due to its large band gap from 3.2 eV, corresponding to 387 nm [2] [3] [4] [5] [6] [7] .
There are two forms of TiO 2 -antase and rutilewhich are frequently studied [8] , where the rutile modification of TiO 2 is known as the "photocatalytical less" active form.
For anatase titanium dioxide nanostructures, miscellaneous methods such as electro-spinning, sol-gel method or chemical vapor condensation, have been developed and applied [9] [10] [11] [12] . TiO 2 nanotube template based sol-gel method has been developed successfully [13] . Further on self-aligned, highly ordered TiO 2 nanotube arrays has been produced by potentiostatic anodization of titanium foil [14] . Additionally a direct preparative method of anatase TiO 2 nanotubes in porous alumina membranes has been reported earlier [15] . In our previous report, we described for the first time the synthesis of anatase titanium dioxide nanotubes (TNTs) by electroless deposition, under aqueous conditions in ion track etched polycarbonate templates [16] . These anatase titanium dioxide nanotubes have been synthesized having a diameter of approx. 100 nm and a wall thickness of approx. 10 nm.
As has been shown previously, that mixtures of anatase and rutile show synergetic effects between both phases [17] . Positive interactions between the rutile and the anatase phase of TiO 2 have been reported additionally within other systems [18, 19] . Further more, synergetic effects and charge separations between TiO 2 and other materials have been discussed in literature [20] [21] [22] [23] .
In our previous work, we mentioned that it would be very interesting and useful to control the quantity of anatase and rutile phase of the TNTs. The phase reaction between the meta stable anatase phase and the stable rutile phase has considerable importance. It has been shown, that nano-crystalline TiO 2 could be phase selected using careful control of the particle size and other experimental conditions, such as temperature [24] [25] [26] . To date, just a few reports have been published, which refer to this transformation and most of them perform their transformation research in regions above 800 K [27, 28] . The level of phase transformation depends on different parameters, such as initial phase, reacting ambience, annealing temperature, and particle size [29] [30] [31] .
With this report, we continue our work [16] and report the results of our studies about the anatase to rutile phase transformation of anatase TiO 2 -nanotubes, generated using electroless deposition at room temperature, followed by annealing at temperatures below 600 K to achieve mixed phase TNTs. Further more, we studied the photocatalytic degradation behavior of the synthesized mixed phase TNTs, using methylene-blue ambience in the way of a known procedure to compare the results [32] .
Experimental Section

Sample preparation
The preparation of the TNTs was described in detail previously [16] . Therefore we present here an overview on the template based preparation process. The template consists of a polycarbonate foil having a thickness of 6 to 30 µm. The foil was chemically etched to achieve a template with a pore diameter of approx. 80 nm. Prior to the electroless deposition process, the surface of the polycarbonate template was treated with sensitization and activation solutions. To obtain titanium dioxide nanostructures, preferably titanium dioxide nanotubes, the sensitized and activated template was dipped into an aqueous solution containing Ti 2 (SO 4 ) 3 and C 2 H 8 BN. The time of deposition can be varied regarding to the desired wall thickness. In this work, the deposition time was 12 minutes with the result of TiO 2 nanotubes with 10-12 nm wall thickness, shown in the SEM pictures in Fig. 1 .
After the deposition process, the polycarbonate was removed easily, using 1,2-dichloromethane. The 1,2-dichloromethane incorporated the polycarbonate, and the TNTs remain as a suspension. Using centrifugation the TNTs were separated from the 1,2dichloromethane, which was removed and replaced with fresh solvent. This procedure was repeated a min-imum of 15 times, to ensure that all polycarbonate was removed. After the last centrifugation, the 1-2-dichloromethane standing over TNTs in the hydroextracted suspension, was removed as much as possible. The TNTs were now being placed on a heat resistant flat surface, e.g. a small piece of a silicon wafer, where the remaining 1-2-dichloromethane was evaporated at ambient air. After the TNTs were dried, the substrate carrying the TNTs was placed into a tubular furnace where the TNTs were annealed at 583 • K; and ambient air at normal pressure for different short term ranges. 
Characterization
After the deposition process, scanning electron microscopy (SEM) was used for morphology and size distribution investigations of the nanostructures. To get structural information about the phase transformation of the TNTs, the crystalline phase of titanium dioxide was studied by X-Ray Diffraction (XRD) using Mo Kα (λ=71,07 pm) radiation. A 2Θ range of 5 • to 45 • was scanned with a step of 0.02 • using an integration time of 3 seconds. To assure to have sufficient nanotubes for later X-Ray diffraction and degradation studies, around 20 templates have been prepared for each X-Ray diffraction analysis. For the photocatalytic methylene-blue degradation study we used UV-VIS spectroscopy (Lambda 900 PerkinElmer) at a scanning wavelength range from 400-800 nm.
Photocatalytic activity measurement
It is well understood that the photocatalytic dyes' degradation rate under UV-light irradiation is significantly higher than those under solar light [33] . Due to the degradation efficiency and the time saving manner following thereof, the photocatalytic activity of the TNTs was evaluated by the degradation of aqueous methylene-blue under illumination of UV-light. Regarding the previous reports on the enhanced photocatalytic behavior of mixed phase TiO 2 , the photocatalytic activity measurement of the produced TNTs was examined after calcinations, having a rutile/anatase ratio of 1:4.
The cleaned and annealed TNTs were suspended in 2 ml of an aqueous methylene-blue solution containing 4.2 mg/l methylene-blue dye, 1.3 × 10 −5 mol/L respectively; having a pH of 2 and were ready for photocatalytical testing after sonication of approximated 5 minutes. Yao et al. observed that the photodegradation efficiency decreases in the order of pH 2 > pH 9 > pH 7 and got best results for photodecradation at pH 2 [34] . Based on literature reports, best results for photocatalytic degradation of methylene-blue have been shown with dye concentrations of about 3.12 × 10 −5 mol/l in reference to a photocatalyst concentration of around 1 g/l [1] . Due to the low weight of the TNTs and by keeping reference to literature results vis-a-vis the achieved results of this report -a dye concentration of 1.3 × 10 −5 mol/l and five polycarbonate templates containing the TNTs were used for each photocatalytic dye degradation sample. Because of the wall thickness of the TNTs from about 10 nm, the template thickness of 30 µm and the tube density of 1×10 8 tubes/cm 2 , the used photocatalyst concentration was about 0.40 g/l by using the nanotubes of five template foils with an area of 4.9 cm 2 each in a total suspension volume of 2 ml. The light source was based on six single UV-light emitting tubes, placed parallel next to each other with a distance of 3 cm, having a predominant wavelength of 315 nm and total power of 54 W. The test vials containing methylene-blue solution and TNTs were placed in the same condition in the homogenous emitting area of the light source. The distance from the vials to the light source was around 20 cm. With regard to the vials' irradiation exposed surface area, the relative irradiation power was 50 mW/cm 2 for each vial.
Results and Discussion
Rutil/Anatase phase transformation
In the past there have been several studies on the photocatalytic activity of anatase-TiO 2 . In the early 1990's, Bickley, et al. [35] proposed the hypothesis of enhanced photocatalytic activity of mixed phase TiO 2 relative to pure phase TiO 2 . Since then a mixed phase TiO 2 powder is sold as the Degussa P25 photocatalyst. There have been a lot of reports within the past few years, pointing out the enhanced photocatalytic activity of the Degussa P25. Later, the P25 was investigated by Hurum et al. [36] to explain the reason of this enhancement. As a result, it has been well documented that there is an enhancement of TiO 2 photocatalysis, having a rutile/anatase mixed phase ratio of 1:4 [37] .
For this reason, we have studied the phase transformation of our produced anatase TNTs [16] to tailor the performance of the nanotubes, in order to reach the optimum, mixed phase concentrations, resulting in the best of photocatalytic activity.
The effect of annealing the anatase TiO 2 nanotubes at 583 K and air ambient at normal pressure for different short term ranges can be observed in Fig. 2 . The weight fraction of the formed rutile and anatase ratio in the nanotubes during the different calcination times have been determined by computer, based on the equation described by Spurr and Myers [38] x a = 100
where x A is the weight fraction of the anatase TiO 2 phase in the produces TNTs, while I R and I A are equivalent to the relative reflection intensities of rutile and anatase.
The calculated anatase/rutile ratio as well as the corresponding calcination time are shown in the diagram of Fig. 3 . The diagram displays that the phase compounds of the thin walled TNTs can be varied and tailored to the need of the structures that are later used for. Due to the previous reported optimal rutile/anatase ratio for photocatalysis, we stopped the annealing experiments after achieving the reported ratio of 1:4 with 25 minutes of calcination.
It has been shown that anatase to rutile phase transformation is taking place inside nanostructures, even at lower temperatures of just 583 K, that are far below temperature of around 800 K that are reported to date. Figure 4 shows the typical UV-Vis spectrum of methylene-blue having an absorption maximum at 664 nm. In order to observe the photocatalytic activity for the degradation of methylene-blue using mixed phase TiO 2 nanotubes, the absorbance was measured at a time interval of 10 minutes. The colour of methyleneblue after adding the photocatalyst was blue under dark conditions. The results in Fig. 5 are showing that the degradation of methylene-blue in an absence of the photocatalyst under irradiation was nearly 10% at the end of the measurements. While in the case of presence of the mixed phase TiO 2 nanotubes complete degradation takes place. Within the total of 80 minutes irradiation time the colour of the methylene-blue/nanotube suspension changed from deep blue to milky white. According to the absorption spectra in Fig. 4 after 80 minutes UV-light irradiation, nearly the total amount of methylene-blue was degraded.
Photocatalytic activity
The degradation vs. time curve in Fig. 5 is showing continuously a higher slope with longer irradiation time and higher degradation level. We are with the opinion that this effect is resulting in the changing relation of the continuous delivery of oxidation radicals from the irradiated nanotubes with the continuously lowered concentration of oxidizable methylene-blue molecules. In comparison of other work using TiO 2 /methylene-blue degradation systems based on nanoparticles [1, 34] minimum of 50% shorter degradation time, using a lower irradiation power with a consideration on the used dye concentration.
Based on the Model of an rutile antenna proposed by Hurum et al. some years ago, mixed phase titania can achieve efficient intergranular charge transfer to enhance the photoactivity predicated on charge separation [36] . The band charge diagram proposed by this model is shown in Fig. 6 (a) . The prepared mixedphase TNTs show a higher photo-catalytic activity when compared to mixed particle rutile/anatase based photocatalysts. We assume that the enhancement can be attributed to the nano-sized mixed phase clusters inside the ultra-thin TNT walls. The rutile functions as a receiver to modify the photoresponse of anatase to longer wave-lengths and additionally enhances the photoefficiency by decreasing the recombination rate of generated charges.
Due to the long distance the photo-generated charges have to travel before reaching an attractive anatase particle, illustrated in Fig. 6 (b), these system have high recombination rates and the rutile phase in a particle based mixed phase photocatalyst is rarely active. Inside the tailored ultra-thin walled TNTs, illustrated in Fig. 6 (c) , the photo generated charges can be transferred fast, due to short distance based on sub-nano clusters, which prevents rapid recombination. Having a reduced recombination rate, more free electrons will be available. As a result, there is an enhanced amount of photocatalytic activity.
Conclusion
Selective synthesis of mixed phase TiO 2 nanotubes has been performed by electroless deposition of anatase TiO 2 nanotubes, followed by a short annealing procedure at 583 K. The phase compounds of the obtained nanotubes can be tailored to the needs of their further application. As reported previously the presence of rutile in anatase photocatalyst will enhance their efficiency. Using particle-sized photocatalyst, this enhancement depends on the relationship between the particle size and the TiO 2 phases. In the case of the nanotubes in this report, which have a wall thickness of 10 nm, the wall consists of small sized phase particles. Based on the small dimensions an intimate contact with rutile and anatase, an enhanced catalyst with higher activity is formed. To the best of our knowledge, the developed mixed phase anatase/rutile TiO 2 nanotubes are actually showing a very high grade of photocatalytic activity, higher than the reported results of other mixed phase TiO 2 catalysts based on nanoparticles.
